ABSTRACT: We present a kinetic model for the walking of myosin V on actin under conditions of zero external force. The model includes three pathways and the termination of the processivity. Experimentally measured kinetic parameters are used in the model to obtain quantitative results. Using the model and associated parameters, we compute the proportion of the pathway containing an intermediate state, as well as the walking velocities and run lengths at various concentrations of ATP and ADP. The resulting trends agree with experimental data. The model explains the surprising experimental finding that myosin walks at a faster speed but for a shorter distance as the ATP concentration increases in the absence of ADP. It also suggests that under physiological condition ([ADP] ∼ 12-50 µM), myosin walks with a higher speed and for longer distances when ATP is more abundant.
Myosin V moves processively along actin filaments (1, 2) , unlike conventional muscle myosin II. The processivity is essential for the fulfillment of its biological function of transporting vesicles and organelles to their destinations (3, 4) . One myosin V molecule has two identical heavy chains, each consisting of an N-terminal motor domain or head, a neck of six IQ motifs, and a C-terminal region or tail (3) . The two heavy chains are joined together at the tail to form a coiled coil that is connected with a cargo-carrying globular domain. The IQ motifs provide sites by which myosin light chains or calmodulin domains bind to the heavy chains (5) . The motor domain contains the binding sites to actin and nucleotides and catalyzes ATP 1 hydrolysis, which is a factor in controlling the motion.
As pointed out by Rosenfeld and Sweeney (6) , myosin V is an ideal system for experimental analysis, because the rate constants for the various processes are such that they can be individually measured; e.g., P i release is fast, unlike myosin II, where it is slow. In a recent paper (6), they have described a model for myosin V processivity but did not formulate it in terms of kinetic equations. Our objective is to use their data and that of others, particularly the recent work of Baker et al. (7) and Uemura et al. (8) , to obtain a quantitative kinetic model for comparison with and prediction of experimental results.
During the process of movement, each motor domain experiences the same chemical cycle of binding ATP, hydrolyzing it, and releasing products (9) (10) (11) (12) (13) . This process is activated by the presence of actin (10) ; for example, the rate of releasing ADP, which is the rate-limiting step, is increased by about a factor of 10 to ∼12-16 s -1 in the presence of actin (10) . After ADP is released, ATP binds to the myosin head at a rate of 0.9 µM -1 s -1 (10) , which leads to its dissociation from actin. ATP is then hydrolyzed, and the motor domain rebinds to actin, accompanied by the release of P i . The system then returns to a state at which the motor domain with ADP bound is associated with actin. There appear to be several steps associated with the binding of myosin to actin (10) , some of which are nearly irreversible. The strong tendency to form actomyosin in the absence of nucleotides, as well as in the presence of ADP, is a feature of myosin V which distinguishes it from conventional myosins, such as myosin II. This behavior is quantified by the duty ratio, the fraction of the cycle during which myosin is bound to actin (14) (15) (16) . Myosin V has a high duty ratio, which is important for its function as a processive motor, since processivity requires that at least one head be attached at all times. The dissociation of myosin V from actin is triggered by the binding of ATP, which induces a conformational change in the myosin structure (17, 18) .
Myosin V has been shown to walk along actin as far as ∼1-2 µm and as fast as ∼0.4 µm/s by a "hand-over-hand" mechanism (19) . The myosin molecule moves only toward the barbed end of actin. As yet the mechanism for this directionality is not understood. It has been suggested that P i release is the controlling factor, based on single-molecule experiments with single-headed myosin V that indicate that P i can be released only when the lever arm has a certain orientation with respect to the head (20) . Within one cycle of ATP hydrolysis, the trailing head steps forward to pass the leading head, which remains attached to actin during this process. The trailing head advances 72 nm in one step, which results in an apparent step size of 36 nm for the center of the molecule. The step size of 36 nm (21, 22) , which is approximately equal to the length of 13 subunits or half of a helix length of the actin filament, is much larger than that of 7-8 nm steps taken by kinesin (23) and those of most other myosin molecules, such as the ∼5 nm step of myosin II (24) . With this step size, the 1-2 µm processive length corresponds to 28-56 steps. The large step size is made possible by the long "lever arm", which consists of the 24 nm neck region of six IQ motifs (21, 22, 25) ; thus, the step size of 36 nm is a significant fraction of the 48 nm maximum. The connected lever arms also provide a mechanism for the communication of the two heads. It has been suggested (6) that with both heads associated with actin, the conformational change of the leading head (i.e., its reorientation with respect to actin) can be transformed into the bending of the connected lever arm, which in turn gives rise to strain in the other lever arm and its associated head. In the absence of nucleotides, a significant degree of bundling of actin filaments has been observed when myosin V binds to actin (3, 21) . This behavior suggests that there exists a strain between the myosin heads when both are bound to the same actin filament. The strain is apparently reduced upon the binding of ADP, as indicated by the fact that the introduction of ADP lowers the tendency toward bundling and increases the proportion of myosin that is doubly bound to the same actin filament (21) . This result suggests that the bound conformation of the head is different in the presence and absence of ADP. Also, ADP is released from the trailing head at a rate barely double (∼30 s -1 ) that from a singleheaded myosin (∼16 s -1 ), while the release from the leading head is nearly 40 times slower (0.3-0.4 s -1 ) when both heads are associated with the same actin filament (6) . It is likely that the strain imposed by both heads being bound to the same actin filament is the source of this difference. Evidence for the interaction between the two heads is provided by recent optical tweezer experiments, in which an external force was applied (26, 27) .
Several kinetic schemes (19, 28, 29) that are based on a single pathway have been proposed to describe the coordination between the two heads as myosin steps along actin: Under physiological conditions ([ATP] ∼ 1 mM and [ADP] ∼ 0.02 mM), the rate-limiting step is the release of ADP from the trailing head when the leading head has an ADP bound and both heads are associated with actin (2, 19, 28) . In these schemes, this step is followed by the binding of ATP to the trailing head, which induces its dissociation from actin. The rate constant of ATP binding is about 0.9 µM -1 s -1 (19, 22, 28) , and the binding becomes ratelimiting only when [ATP] is in the submicromolar range, considerably below the physiological concentration. After ATP hydrolysis, the trailing head steps forward to become the leading head and rebinds to actin with the release of P i . In this state, both heads of myosin are attached to actin and bind ADP. Release of ADP from the leading head is assumed to be slowed down by the strain between two lever arms. During each cycle, the leading head is assumed always to be associated with actin and to bind ADP. The scheme based on this sequence of events explains the existence of two potential rate-limiting steps at different ATP concentrations, as revealed by the single-molecule experiments (2, 28) . However, the scheme is not consistent with the fact that the ADP release measured from double-headed myosin in single-molecule experiments (∼12-16 s
) has a rate different from those of double-headed myosin (∼30 s -1 ) by stopped-flow solution measurements (6) , while the rate is similar to that of the release from single-headed myosin (∼12 s -1 ) (28, 30) . We note that these experiments are done in the presence of actin; the ADP release rate from myosin not bound to actin is 1 order of magnitude smaller (∼1 s -1 ) (10).
Two papers (7, 8) provide data and insights essential to the present model. Baker et al. (7) showed that myosin walks significantly slower but takes more steps when the concentration of ATP is decreased; i.e., when [ATP] is reduced from the physiological concentration of 1 mM to 50 µM, the number of processive steps increases by more than 50%, but its speed decreases by about a factor of 4 (7). The step length is assumed not to change since it is determined primarily by the actin periodicity. At higher concentrations of ADP, with ATP fixed at 1 mM, myosin translocates more slowly on actin and over significantly shorter distance; for example, when [ADP] is 1 mM, in contrast to the much lower physiological concentration of [ADP] (∼20 µM), myosin steps approximately 4 times more slowly and walks only half of the distance before falling off (7) . To explain the dependence of myosin motility on the ADP concentration, Baker et al. (7) proposed that there are multiple kinetic pathways. Compared with the kinetic model in ref 10, they included an additional kinetic pathway in which the release of P i in the leading head follows the release of ADP from the trailing head. However, the modified kinetic scheme, which is based on fitting the experimental data for the ADPdependent walking velocities and run lengths, leads to parameters which are not in agreement with other experiments; e.g., a very slow phosphate release (5 s -1 ) is required in disagreement with the independently measured value (above 200 s -1 ) (10, 30) . Also, the dependence of myosin motility on the ATP concentration is not explained by the model. Uemura et al. (8) identified an intermediate state in single-molecule experiments. This state corresponds to a 12 nm substep, which was followed by a 24 nm substep to reach the full-length 36 nm step. Such behavior had been observed in myosin under a load (28) but had not been explained in previous kinetic models. Kolomeisky and Fisher (31) suggested that such an intermediate state exists on the basis of the velocity-force observations by Mehta et al. (2) . Uemura et al. (8) proposed an alternative kinetic model that incorporates an additional pathway with an intermediate state in which only one myosin head is associated with actin. They also suggested that an "isomerization" of the leading head with ADP bound (i.e., an unspecified conformational change) has to occur before the trailing head was able to complete its full step. This is in accord with the suggestion of Sweeney et al. (10) from their kinetic experiments in solution that there is more than one state of the myosin head with both ADP and actin bound. Two groups (32, 33) have developed mechanochemical models to study the behavior of the lever arms and the coordination between the two heads in the presence of external forces.
In this report, we modify the kinetic model of Uemura et al. (8) and study the coordination between the two motor domains of myosin V during the process of walking along actin filaments under conditions of vanishing external force. This limiting case, which has been studied experimentally in some detail, is the first step in a complete model, which would describe the myosin kinetics in the presence of an external force. Utilizing experimentally measured parameters, we show that the proposed model is able to explain most of the existing experimental results for myosin V at zero force. Specifically, unlike the model of Baker, the present model includes an intermediate state, in analogy to that of Uemura, and shows how different rate-limiting steps arise under different solution conditions. Also, the different dependences of the motility on the concentrations of ATP and ADP observed by Baker et al. (7) are rationalized by the model. In addition, the observed ADP release rates are explained in a consistent fashion by the proposed model. As is evident from the figure, the kinetic model consists of eight states. A two-symbol code (DD w , TD w , DD s , etc.) is used to identify the states. The first letter denotes the conformation of the trailing head and the second, the one of the leading head: E, D, and T refer to the fact that a motor domain is empty, has ADP bound, or has ATP bound, respectively. Experiments suggest that the motor domain with ADP bound has more than one conformation, although no high-resolution structures are available. A recent cryoelectron microscopy study (34) suggests that there is a small structural change in actin-bound myosin versus free myosin (18) (35) (36) (37) have shown that there are two ADP states for myosin bound to actin. The trailing head is assumed to have only one conformation, denoted as D. Motor domains tend to associate with actin in the presence of bound ADP or in the absence of any bound nucleotide. Conformation E corresponds to the rigor state and is strongly bound to actin. Conformation T refers to a motor domain that has an ATP bound and is associated with actin. Kinetic data (10) and X-ray structures (18) indicate that the binding of ATP to the motor domain quickly leads to the dissociation of the motor domain from actin; the symbol T′ denotes a conformation with ATP bound but dissociated from actin. Although additional conformations of myosin V have been inferred from electron microscopy (21, 25) , only eight kinetically important states are included in the present model. Consequently, each "state" in the present "minimal" model can refer to several conformations in rapid equilibrium. For example, the release of P i is very fast after hydrolysis, and this event links a state of myosin having both ADP and P i bound with another state of myosin having only ADP bound; the state of myosin having both ADP and P i bound is not included explicitly.
Three pathways (A, B, and C), which connect the eight states, are included in the kinetic model (see Figure 1) . All of them start at state DD w , a state with an ADP bound to both motor domains, which are both bound to actin; they are formed after ATP hydrolysis. From state DD w , myosin V can take two possible routes, either undergoing a conformational change in the leading head (i.e., D w to D s ) or releasing ADP from the trailing head. In the first route, denoted as path A, a conformational change of the ADP binding pocket occurs in the leading head, leading to its stronger binding to actin (state DD s ). ADP is then released from the trailing head; the strong association of the leading head (D w to D s ) with actin leads to a conformational change in the trailing head, which is assumed to facilitate the release of ADP (k 1 ′ ) 30 s -1 ) from the trailing head (6) . In the reverse reaction, ADP rebinds to the trailing head at a rate of 4.5 µM -1 s -1 (28) . At physiological concentrations of ADP or at the higher concentrations used in some experiments (7), the rate of ADP rebinding is comparable to or even larger than that of ADP release. Olivare et al. (37) recently showed that when both heads of myosin V bind strongly to actin, the rate of ADP binding is increased from 4.5 µM
. Use of the latter value in the model has no effect on the path ratio, the run length, or the maximum velocity. However, the velocity would be expected to decrease somewhat faster as [ADP] increases at a given [ATP] than in the reported calculations. In the next step, ATP binds to the empty trailing head at a rate of 0.9 µM -1 s -1 (10, 19, 22, 28) and leads to its fast dissociation (10) from actin. It has been shown recently (35, 37) that ATP (and ADP) binding involves a two-step process; in the present model, the binding is treated as a single event with the rate constant used corresponding to the slow step. This step is immediately followed by the hydrolysis of ATP bound to the trailing head and the reorientation of the lever arm of the leading head (10) . In this model, a power stroke occurs only when the leading head with an ADP bound is strongly associated with actin, as in the state TD s . The power stroke (shown in Figure 1a ) moves the leading lever arm in the forward direction and through the interaction with the other lever arm drives the trailing head forward. It passes by the leading head and reaches a position close to the next binding site on actin, which is approximately 36 nm ahead of where the leading head was bound. (We note that there is no substep on this pathway.) The previous trailing head with ADP and P i bound weakly associates with actin and quickly releases P i . The previous trailing head has now become the leading head after rebinding to the actin, and the previous leading head has become the trailing head. The cycle is complete; i.e., the system returns to the initial state DD w .
The second and third pathways (paths B and C; see Figure 1b ) start from state DD w with ADP release from the trailing head prior to the conformational change in the leading head. In state DD w , the leading motor domain is loosely bound to actin, and it is therefore assumed to have little effect on the release of ADP from the trailing head. Thus, the rate of this release step (k 1 ) 12 s from this point path B is the same as path A. The third pathway (path C; see Figure 1b ) branches off from path B at state ED w with the binding of ATP to the trailing head to give TD w . It is also possible that myosin rebinds ADP from state ED w at a rate of 4.5 µM -1 s -1 (28) and goes back to state DD w (see also above); this possibility is included in the kinetics of both paths B and C. Along path C, myosin first binds ATP to the trailing head at a rate of 0.9 µM -1 s -1 (10, 19, 22, 28) , which is very fast (900 s -1 ) at the physiological ATP concentration (∼1 mM). The trailing head then quickly dissociates from actin (k 3 ) 870 s -1 ) (10). However, on this path, the conformational change has not occurred in the leading head (unlike paths A and B), and myosin is, therefore, not ready to generate a power stroke. The myosin molecule can only take a small substep (∼12 nm) (8), corresponding to a diffusive motion, biased by the relaxation of the strain between two heads. This step introduces an intermediate state (state T′D w ). The intermediate state lasts until the conformational change has occurred in the leading head and the power stroke is generated. The power stroke from the leading head drives myosin forward by a substep of ∼24 nm (17) to complete the regular step of ∼36 nm. The presence of the substep in path C is clearly distinct from the stepping along paths A and B. In the latter two paths, the conformational change of the leading head occurs first, which puts strain on the trailing head. After ATP binds to the trailing head and dissociates it from actin, a full step (∼36 nm) can be taken.
The lifetime of the intermediate state on path C is determined by the rate of the conformational change in the leading head. Since this conformational change does not depend on the binding of nucleotides, the external concentrations of ATP or ADP do not affect the lifetime of the intermediate state. The dwell time of the intermediate state is around 6 ms (8), which gives k 4 ) 166 s -1 . Once the conformational change is completed in the leading head, the trailing head steps forward at a rate of k 7 to populate state DD w . The constant k 7 (T′D s f DD w ) can be regarded as the rate constant of the sequential steps of ATP hydrolysis, the release of P i , and the rebinding of the head to actin. All of these processes are very fast; e.g., the rate of releasing P i is above 200 s -1 , and the other two processes are even faster (10, 30) . Here k 7 is assigned to be 200 s -1 , which is much faster than the rate of ADP release (∼12-16 s -1 ). Similarly, k 3 ′ (TD s f DD w ) on paths A and B is the rate constant for the combined chemical reactions of ATP hydrolysis, P i release, and the rebinding of the head to actin. It is also assigned the value of 200 s -1 ; this is the value measured in ref 10 and is generally accepted (30) . We note that the exact value is not critical in the present scheme because it is more than 1 order of magnitude larger than the rate of ADP release, the rate-limiting step. However, when myosin is subjected to external forces, its mechanical movement is altered dramatically and can even be smaller than the rate of the P i release. In that case, a force-dependent rate has to be introduced for k 7 and k 3 ′; this is outside the scope of the present model. ). This is more than 1 order of magnitude slower than the competing combined events in which the trailing head releases ADP, binds ATP, and moves forward to become the new leading head. Consequently, ADP continues to be bound to the previous leading head, which becomes the new trailing head and releases ADP much faster. This means that ADP is released only from the trailing head as double-headed myosin walks along actin. The leading head always has bound ADP so that states that are nucleotide-free or bound with ATP do not contribute. Although the states (D w and D s ) could also exist in the trailing head, for simplicity, we consider only one conformation of the trailing head with ADP bound. Such a state, denoted as D, arises from state D s of the leading head when the connected lever arm tilts forward. The tilt of the lever arm probably further strengthens the binding with actin and facilitates the ADP release. In summary, the trailing head can be in states D, T, T′, or E while the leading head can only be at states D w or D s . Since P i release is very fast (>200 s -1 ), we do not specifically include a state in which the leading head is bound with both products of ATP hydrolysis, ADP and P i ; such a state would be a part of D w in the model.
(2) Termination. As myosin walks along the actin filament, one head has to detach from actin in order to move the molecule forward. When this occurs, myosin can fall off the actin track if the other head does not bind actin strongly enough. This process gives rise to the termination step in the model. As shown in Figure 1 , termination can happen during the transition from TD s (or T′D s ) to DD w . This termination step has the rate k term2 . In addition, the intermediate state in path C, T′D w , has the trailing head not bound to actin and the leading head only weakly bound. Again, there is a possibility of terminating the processivity. This termination process has the rate k term1 and competes with the conformational change of the leading head (T′D w f T′D s ), which leads to strong binding to actin.
The dissociation rate of ADP-bound single head myosin from actin is measured to be 0.032 s -1 (10). We take this value for k term1 , which is the dissociation rate from actin of the ADP-bound leading head, with the ATP binding trailing head free. The other termination rate, k term2 , is the dissociation rate of the leading head from actin while the trailing head is becoming detached and moving. Both heads have ADP bound and are only weakly attached to actin. Baker et al. (7) estimated this parameter k term2 to be 1.1 s -1 . This termination rate is an average dissociation rate of the leading head as the trailing head moves forward. The fact that the value of k term2 is about 30 times larger than k term1 is interesting and suggests that the interaction between two heads is important in the faster dissociation of the leading head from actin. We agree with Baker et al. that this is not a quantitative explanation of the difference between k term2 and k term1 ; they suggest that "all the factors that contribute to termination are not fully understood yet". We note that the equilibrium constant for the association of an ADP-bound single-headed myosin to actin is 7.6 × 10 -9 M (10). Such a small value suggests that the actomyosin complex is thermodynamically stable with ADP bound and supports the hypothesis that the interaction between two ADP-bound heads is important for the termination steps.
(3) Backward Steps. As mentioned above, termination occurs at states with only one head bound to actin (T′D w ) or in the transition from TD s (or T′D s ) to DD w . Alternatively, the dissociation of the leading motor domain from actin could lead to a backward step, which has been observed in singlemolecule studies. However, backward steps are not included in the present model because they appear to be rare; the frequencies of occurrence are not available. Backward steps are expected to be more frequent in the presence of an external force applied in the direction opposite to the myosin motion.
(B) Kinetic Equations and Parameters. On the basis of the model in Figure 1 Two elements of the myosin behavior are of particular interest. They are the probability for myosin to take path C, denoted by r C : and the walking velocity, V, calculated from
The termination rate is too small to affect the steady state of the system as described above, so it can be introduced as a perturbation; i.e., we solve eqs 1 in its absence and use the results for the species involved to calculate the termination rate. Specifically, given the two possibilities of termination, the overall termination rate is Once the walking velocity and the termination rate are known, the run length (l) taken by myosin V before termination is equal to Table 1 lists the parameters of the model. The value of k term2 is suggested by Baker's experiments (7) . The other parameters, except for k 5 and k 6 , are measured directly. The values of k 5 and k 6 were also estimated from the experimental data. Uemura et al. (8) found that the probability for myosin V to take path C is about 44% at 1 mM ATP, and it decreases to 30% at 10 µM ATP. At 1 mM ATP, the binding of ATP to the trailing head is very fast; k 2 is around 900 s
). Consequently, the system is expected to dominantly take path C from state ED w (ED w f TD w ) instead of path B, and the probability to take path C is about k 1 /(k 1 + k 5 ); i.e., only paths A and C occur. Since we already have know k 1 ) 12 s . At low concentrations of ATP (such as 10 µM), the rate of ATP binding is only about 9 s -1 , which makes it rate-limiting in both path A and path C. Under such a condition, the chance to take path C is reduced by the presence of path B, to ( ), k 6 is estimated to be about 4 s -1 . In our model, the rear head is still attached, but the ligation state is different (in A with ADP bound and in B it is empty), so it is not unreasonable that the constants should not be the same. From the model, if the trailing head is more strongly bound, the isomerization of the leading head is slower.
(C) Comparison of Models. To make clear the significance of the present model, we summarize the differences between it and earlier work.
Uemura et al. (8) established experimentally that myosin V can follow two distinct pathways, one with a (12 + 24) nm substructure and the other with no detectable intermediate in a 36 nm step. They also included a step linking these two distinct pathways. In this step, the leading head undergoes a conformational change (from D* to D) while the trailing head is not associated with nucleotides. We treat the process 
involving this step as an additional path. Thus, our model has three pathways. We use many kinetic parameters given in refs 6 and 10 by Sweeney et al. The first paper focused on the kinetics of single-head myosin. The second paper built a model for a double-headed myosin and described three pathways, two of which lead to termination and only one is concerned with precession. In our model, we follow the approach of Baker et al. to use simplified termination steps and expand the precession cycle to three pathways following Uemura et al. Thus, the present model is based on ideas and data from the work of Sweeney and Rosenfeld, Uemura et al., and Baker et al. It uses essential elements from each paper to construct a kinetic analysis that describes all of the available zero force data for myosin V in a consistent manner.
RESULTS
In this section, we use the model described above to study the steady-state dependence of the motility of myosin on the concentrations of ADP and ATP. The walking velocity and the run length, as well as the proportion of path C, are considered. The values of the parameters, as listed in Table 1 Effect of ADP on Myosin ActiVity. We study here the effect of ADP on r C , on the walking velocity, and on the run length. We single out path C because it is the one that has an intermediate state and can be studied directly by experiment. As shown in eq 2, the proportion of path C depends on the concentrations of both ADP and ATP.
The increase of [ADP] shifts the balance between DD w and ED w toward the former so that the proportion of path A increases (Figure 2a) . However, the change in [ADP] has only a small effect on the proportion of path B. Consequently, at 1 mM [ATP] or less, the proportion of path C decreases significantly as [ADP] increases, as shown in Figure 2a . Figure 3b , even when the velocity approaches zero, myosin walks a nearly constant distance before falling off. This surprising result, consistent with experimental observations (7), is explained by the kinetic model, in which the increase of [ADP] has two consequences. First, ADP is more competitive in rebinding to the nucleotide-free head, so that states DD w and DD s are more populated. Myosin is therefore more likely to take path A, which does not have an intermediate state with a termination branch such as in path C, leading to a smaller termination rate. Second, more frequent rebinding of ADP slows down the apparent dissociation of ADP from DD w and DD s , as well as the overall walking velocity. Quantitatively, the reduction of the walking velocity is more significant than the effect on the termination. Consequently, the run length, i.e., the ratio of the walking velocity to the termination rate, follows the decrease in the velocity as [ADP] increases. Under the limiting condition of high [ADP] (greater than millimolar), almost all myosin molecules take path A (see Figure 2b ), which has a velocity and a termination rate independent of nucleotide concentration (see Figure 1b) . The walking velocity is approximately k 5 times the DD w concentration, and the termination rate is k term2 times the DD w concentration. The run length is, therefore, a constant, (k 5 / k term2 ) × 0.036 µm. This result shows that, even under extreme inhibition by ADP, myosin is able to walk a fixed distance before termination although it walks extremely slowly.
Effect of ATP on Myosin ActiVity. The dependence of the proportion of path C on [ATP] is shown in Figure 4 . We note that a logarithm scale is used for In the physiological (millimolar) range, the ATP binding rate is around 900 s -1 , which is significantly larger than the 4 s -1 isomerization rate, so that under these conditions, few molecules take path B; i.e., the proportion of path C reaches a limiting value of 0.44 in the physiological [ATP] range, with path B making essentially no contribution. As [ADP] increases, the nucleotide-free trailing head is more likely to bind ADP to re-form state DD w and redistribute into the different paths so that the proportion of path C decreases as shown in Figure 4 . Specifically, the proportion of path A increases. Figure 5 shows that, at the absence of ADP, the proportion of path A is a constant (∼0.56); it is determined by k 1 and k 5 . In the presence of ADP, the proportion of path A is no longer a constant. It starts high at low [ATP]; e.g., the value at 1 µM ATP reaches unity and converges to 0.56 at high [ATP] . In addition, at various concentrations of ADP, the limiting values of paths B (0.0) and C (0.44) are the same, but there is a variation in the ATP concentrations at which these limits are reached. For example, the proportion of path C reaches its limiting value at 400 µM ATP in the absence of ADP and in the physiological ([ATP] ∼mM) (8) and 0.884 µm. In the presence of more ATP, the variation of the run length over the entire range of (22), and 0.55 µm/s at 100 mM KCl (7). These results are consistent with what are predicted in Figure 6a : V max is insensitive to the environment, and its value is 0.56 µm/s. The walking velocity 0.3-0.5 µm/s found in most experiments (2, 7, 8, 17, 24, 28) at the physiological conditions covers the range predicted from the model (0.48-0.53 µm/s). At low concentration of [ATP], the walking velocity measured in experiments has a very wide range (0.07-0.22 µm/s) (2, 7, 8, 28) . The model suggests that such a wide range of the walking velocity measured at low concentration of [ATP] could be due to the different [ADP] present in the system. We note that different experimental conditions and procedures could also contribute to the range of in vitro motor velocities measured in different laboratories.
Some experimental data corresponding to 100 and 25 mM KCl are shown in Figure 6a (see legend). The kinetic model shows that ATP binding becomes faster with an increase in [ATP] . This increases the overall stepping rate along all paths and thus the movement of myosin. As predicted from the model, the walking velocity is observed to increase when [ATP] increases. Interestingly, the experimental data measured at 100 mM KCl are close to the prediction at the condition of 50 mM KCl and 50 µM ADP. The experimental data measured at 25 mM KCl are close to those predicted values based on 50 mM KCl and 0 µM ADP.
The experimental data shown in Figure 6b indicate that the run length increases when 1/[ATP] increases at 100 mM KCl. Such a trend is not evident at 25 mM KCl. The kinetic model with parameters in Table 1 , however, suggests that the run length decreases when 1/[ATP] increases at 100 mM KCl. In addition, the run length measured in the physiological condition ([ATP] ∼mM, [ADP] ∼12-50 µM) is 1-2 µm (2, 38), slightly different from 0.80-0.86 µm as predicted from the model. We note that the run length depends on the condition of the measurements and any values of termination rates used in the model; the results are sensitive, in particular to k term2 , which has not been measured and so was estimated (see above). Taking into account the potential interaction between two heads, the dissociation rate of single-headed myosin from actin, 0.032 s , is likely to be a lower bound for the true value. Even if this lower bound is used, the run length would be around 30 times longer. On the other hand, backward steps are neglected in our model. If backward steps are taken into consideration, the run length will be shorter.
Overall, the run length is not expected to be more than 1 order of magnitude larger than estimated.
We note that Robblee et al. (35) 
CONCLUDING DISCUSSIONS
OVerView. We have described a kinetic model for the coordinated walking of myosin V under zero external force. The model has three pathways, one of which contains an intermediate state, as suggested by Uemura et al. (8) . Using the model and the associated parameters, we compute the proportion of the pathway with an intermediate state at various concentrations of ATP and ADP, and the result trends agree with the available measurements. The walking velocity under physiological condition ([ATP] ∼mM) calculated from the model is consistent with the data. In addition, the model suggests that the wide range of walking velocities measured at low [ATP] is probably due to inhibition by ADP. This provides a reconciliation of the large differences in experimental measurements. These predictions should be tested by more controlled experiments. Extension of the model to include, for example, the calcium dependence of myosin V behavior (37) would also be of interest.
Another important aspect of the model is that it describes the termination of the processivity of myosin V, which is not included in the Uemura et al. (8) model, for example. This makes it possible to explain the fact that the walking velocity and the run length decrease as the ADP concentration increases (7) . Furthermore, the model shows that myosin walks at a higher speed but for a shorter distance as [ATP] increases in the absence of ADP. This result is in accord with observations, but is not explained by other models (7). Also, under physiological conditions ([ADP] ∼ 12-50 µM), myosin is calculated to walk at a faster speed and for a longer distance when [ATP] increases.
The present model is largely based on experimental observations, and although it is simple, it explains most of the existing experimental results. More complex models could be introduced, although it appears that they are not necessary for the explanation of the present data. More measurements, such as the run lengths at various [ATP], [ADP], and [KCl] would be helpful in determining the required rate parameters and would provide a better understanding of the termination mechanism. Measurements under substantial external loads would make it possible to extend the model to include other phenomena, such as back-stepping and slippage. Such additional experiments could also be used to distinguish the present model from other alternatives.
Coordination between Two Heads. The duty ratio from single-headed myosin experiments is useful for understanding the processivity of myosin V. However, the coordination between two heads is important to accurately adjust the relative timing of the binding; i.e., one myosin head is bound to actin while the other one is free. The present kinetic model makes it possible to study the coordination. It explains the fact that myosin walks faster but its run length is slightly shorter at higher [ATP] and that myosin walks slower at lower [ADP] but it does not stop. These results arise from a precise coordination between two heads and the existence of multiple pathways.
Intramolecular strain is one way for two heads of myosin to communicate, as discussed by Rosenfeld and Sweeney (6) . Its existence is confirmed by the presence of two distinct ADP-releasing rates from two-headed myosin in solution. The one of the trailing head is facilitated (30 s -1 ) (6) while the one at the leading head is hindered (0.3-0.4 s -1 ) (6), as compared with the release of ADP from a single-headed myosin (∼12 s -1 ) (6). An assumption in the model is that two different states (D W and D S ) are present when ADP is bound to myosin attached to actin. This has been suggested by a previous experiment (10) but lacks direct proof. Under this assumption, the leading head with ADP bound has two states with different affinities for actin. Its state directly affects the rate of ADP release from the trailing head through intramolecular strain. The state DD w is generated by P i release, and the leading head binds to actin weakly. State DD s , in which ADP binds the leading head more strongly, arises from the isomerization of DD w or the binding of myosin with ADP to actin in solution. The strong binding of the leading head to actin facilitates the dissociation of ADP from the trailing head. Therefore, 30 s -1 , the rate of ADP release from the trailing head after myosin with ADP bound to both heads associates with actin in solution, can be assigned to k′ 1 , the ADP release from state DD s . In a single-molecule experiment, ADP may be released directly from the trailing head when it is in state DD w , or the release can occur following the isomerization at the leading head. The rate in the first case is k 1 (12 s -1 ) ; the limiting rate in the second case is 15 s -1 . These values are consistent with what has been repeatedly measured in various singlemolecule experiments for ADP release (12-15 s -1 ) (2, 23, 28) .
Besides the impact of the state of the leading head on the release of ADP from the trailing head, our model includes another example of the coordination between two heads via "intramolecular strain": the state of the trailing head affects the isomerization of the leading head. In the model, the conformational change of the leading head (i.e., the isomerization from D w to D s ) can occur under three different conditions: from DD w to DD s , from ED w to ED s , and from T′D w to T′D s . In the first two cases, the trailing head is bound to actin, while in the last case the trailing head is detached. The model suggests that the strong binding of the trailing head onto actin reduces the isomerization speed of the leading head: in the last case, since the trailing head has already become released from actin and is ready to move further forward, the conformational change of the leading head (166 s -1 ) is 1 order of magnitude faster than that if the trailing head is still bound to actin, whether ADP is bound (15 s -1 ) or not (4 s -1 ).
Biological Implications. Living systems have to be able to respond to perturbed conditions or different physiological requirements. When the concentrations of ATP and/or ADP fluctuate, myosin V can continue to fulfill its biological function. The finding that the motility of myosin is insensitive to the fluctuation of [ATP] around the physiological level demonstrates the stability of the walking mechanism. However, the strong dependence of the motility of myosin V on the ADP concentration suggests that the movement of myosin can be finely tuned. This leads to a sensitive control mechanism because [ADP] is much lower than [ATP] under physiological condition.
When the system is low on [ATP] or exposed to high [ADP], myosin V is more likely to take path B or path A, both of which have a higher probability of processivity. In this way, the system utilizes the limited energy source more efficiently. This suggests a possible mechanism for adaptation of the system to changes in the environment. Under limiting conditions (i.e., when the system is under extreme ATP starvation or under extreme inhibition by ADP) myosin V is still able to move processively although it moves very slowly. In this way, the cargo carried by myosin V will eventually reach to its destination instead of getting lost.
APPENDIX
After a sufficiently long reaction time (e.g., more than five cycles of the slowest step), the distribution over all states reaches a steady state so that 
